Hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) of petroleum products and intermediates are reviewed to provide the basis for developing processes to produce gasoline and diesel oil with very low sulfur content. The reactivity, selectivity and inhibition (susceptibility of substrate molecules to inhibitors) in the catalytic process are very important to develop efficient processes. Recent advances in the understanding of active species, supports and supporting methods are also critically reviewed to suggest the design of catalysts with adequate activity to satisfy future regulations on transportation fuels. Details of the structures of the catalysts are not discussed, but the mechanisms of hydrodesulfurization and inhibition are summarized. Catalyst deactivation and reactor design are also briefly reviewed. New approaches to achieve deep hydrodesulfurization are proposed.
Introduction
Petroleum refining uses numerous processes including thermal, catalytic and hydrogenation upgrading processes as shown in Fig. 1 . The hydrogenation processes include three major classes, hydrotreating, hydrocracking, and hydrofinishing. Hydrofinishing is really another form of hydrotreating that is used to achieve the final specifications of fuels. The common features as well as the differences of the various hydroprocesses will be described. Each process is individually optimized according to the boiling range and molecular composition of the specific petroleum fraction to be treated 1) . Therefore, the process objectives, conditions and configurations, chemistry of fuels and products, catalytic materials, their functions, and working mechanisms must be understood for all of the important hydroprocesses in use today.
Products in the refining processes are also hydrotreated, and are basically classified according to their boiling ranges. This overview describes the detailed chemistry of feeds, products, and their conversion mechanisms in hydrotreating on a molecular level, including the detailed structures of the reactant, their chemical and physical properties, and the mechanisms of their conversion. The influences of the detailed molecular interactions on reactivity and inhibition are also reviewed. The preparation, activation, composition and structure of the catalysts in each process are discussed along with the associated causes of catalyst deactivation and ultimate catalyst lifetime for each process. New and improved catalytic approaches and more active catalysts are also discussed. Figure 2 illustrates the diversity of composition by showing the elemental distribution of some typical petroleum fractions, such as light cycle oil (LCO), medium cycle oil (MCO), straight run gas oil (SRGO), hydrotreated straight run gas oil (HSRGO), and gasoline, as determined by gas chromatography equipped with atomic emission detection (GC-AED) 2), 3) . Figure  2 also shows the distributions of specific molecular species that must be converted into hydrocarbons by hydrotreating. The molecular composition of heavier fractions such as heavy VGO (vacuum gas oil), and atmospheric and vacuum residues are not fully understood at present, although high performance liquid chromatography (HPLC) and time of flight mass spectroscopy (TOF-MS) have provided some clues to their molecular composition 4),5) . These heavier fractions are believed to be polymeric substances of unit structures that are basically similar to those found in the lighter fractions. Strong molecular associations may be present in the residual fractions 6) , which causes difficulty in both analyses and hydrotreating. One method for characterizing the residue is separation into polar and non-polar components by precipitation of the polar components with a large quantity of a non-polar solvent such as heptane into maltene and asphaltene 7) . Asphaltenes are believed to be the major contributors to the undesirable features of the residue, such as high viscosity, coking tendency, metal content, etc. Thus, the major target of residue hydrotreating is to convert asphaltenes to lower molecular weight species. The asphaltenes consist of polymeric components containing polyaromatic rings with long alkyl chains that are entangled to form colloidal micelles within the residue 8), 9) . The polymeric chains also contain some porphyrins, which include metal components (vanadium and nickel), in the petroleum. The polyaromatic rings and porphyrins form stacked aggregates and the alkyl chains entangle each other. Such intermolecular association is schematically illustrated in Fig. 3 6) . GC-AED chromatograms of light and medium cycle oils (MCO) in fluid catalytic cracking (FCC) products in the gas oil range are illustrated in Fig. 2 as examples of cracked oils. Such processed oils can be further hydroprocessed to yield high quality fuels.
Hydrotreating Process
The primary objectives of hydrotreating are to remove impurities, such as hetero-atom and metal-containing compounds, from a feedstock and/or to increase the hydrogen content of the feedstock, and to lower the molecular weight of the by-products without a substantial loss in liquid product yield. The specific impurities depend on the molecular weight of the feedstock to be processed. Lower molecular weight feedstocks such as naphtha, gasoline, intermediate distillates (atmospheric and light vacuum), diesel fuels, and home heating oils (kerosene, etc.) contain undesirable impurities such as sulfur-containing compounds (S-compounds), nitrogen-containing compounds (N-compounds), oxygen-containing compounds (O-compounds), and polynuclear aromatic compounds (PNA). Higher molecular weight feedstocks, such as high vacuum distillates, and atmospheric and vacuum residues contain the same impurities as well as significant concentrations of metal-containing compounds (M-compounds). V and Ni are the major metal impurities in petroleum, which are present in the form of porphyrin complexes of V 4+ = O and Ni 2+ 6) . In addition, crude oils often contain NaCl, MgCl2, CaCl2, CaSO4, and naphthenates of some metals such as Ca, Mg and Fe. The metal salts can be removed rather easily by washing before distillation. However, small amounts of metal compounds, particularly Fe or derived FeS, often result in operational problems. Naphthenates may dissolve iron from valves or the reactor vessels and transfer lines, and become included in the feeds to downstream processes. In general, the concentration of these impurities increases with increasing boiling point. Thus, the hydrotreating process of choice depends pri-SRGO: Straight Run Gas Oil, H-SRGO: Hydrotreated Straight Run Gas Oil, LCO: Light Cycle Oil, MCO: Medium Cycle Oil, VGO (hexane soluble fraction): Vacuum Gas Oil. Cn: Paraffin with n carbons, T: Thiophene, BT: Benzothiophene, DBT: Dibenzothiophene, Cz: Carbazole, DM: Dimethyl, EM: Ethylmethyl, TM: Trimethyl. marily on the boiling range of the feedstock. The boiling range is dictated by the molecular weight distribution of the feedstock. The next most important consideration in choosing a hydrotreating process is the product quality specification, which is predominantly related to the total hydrogen content of the product, which is related to the content of polynuclear aromatics (PNA).
O-compounds are generally not considered as major environmental hazards in petroleum products. Nevertheless, some O-impurity compounds such as phenols and naphthenic acids lead to corrosion problems in the reactors and storage vessels. Some crudes which contain large amounts of naphthenic acids are classified as naphthenic crudes. Such naphthenic acids are extracted to be sold as lubricants. Iron dissolved by naphthenic acid in crude causes plugging by forming FeS in the catalyst bed or on the filter. Finely dispersed FeS may enhance coking reactions 10) . Ocompounds in the petroleum are much more reactive than other impurities, so hydrotreating is not generally developed specifically to remove O-compounds in common crudes. However, less reactive O-compounds such as phenols and benzofurans are present in significant amounts in coal-derived oils. Therefore, removal is one of the major concerns in the hydrotreating of coal-derived oils 11) . S-compounds, N-compounds and M (metal)-compounds have different reactivities and chemistries depending on the boiling ranges of the fractions in which they are found. Thus, specific processes have been developed for the removal of each of these impurities, and are classified as hydrodesulfurization (HDS), hydrodenitrogenation (HDN), and hydrodemetallization (HDM) processes, respectively. These are in turn subdivided into processes, which are optimized for the boiling range of the particular feedstock to be treated.
In general, sulfur impurity is the major concern because S-compounds are often serious poisons and inhibitors for other secondary upgrading process catalysts. Their combustion products create serious environmental hazards such as acid rain. Thus, the main processes that have been developed for distillable feedstocks are HDS processes. N-compound impurities are also removed during HDS processes. If successive acid catalysis is important in conversion mechanisms, extensive N-removal is required since the basic N-compounds are both serious poisons and coke precursors on acid catalysts 12) . Lowering aromatic content through hydrotreating is classified as hydrodearomatization (HDA). HDA reactions occur during HDS and HDN processes, but product quality requirements often require an HDA process after the initial HDS and/or HDN process. Future environmental regulations may emphasize HDA further 13) . M-compound impurities are found particularly in high boiling feedstocks, such as atmospheric and vacuum residues. Thus, HDM processes are tailored for high boiling and very viscous feedstocks. In such processes, the removed metals are deposited on the surface of the HDM catalyst, so the lifetime of the catalyst is of serious concern. As metals accumulate on the catalyst, the selectivity for the production of desired products also decreases 14) . Thus, HDM processes are designed to prevent severe deactivation of the catalysts to retain activity for cracking, HDS, HDN and HDA reactions.
HDM is unique since the metals removed are accumulated as sulfides on the catalyst used for removal. Hence, the catalyst is no longer effective when the sites or pores are filled with deposited metal sulfides. HDM is rather easier than other hydrotreating processes and the removed metals tend to be deposited on the hydrotreating catalysts located at the top of down flow reactors. The volume available to capture the metals and the extent to which they can be removed are both important factors for the process operation.
Basis for Hydrotreating

1. Hydrotreating Catalysts
Currently, catalysts for hydrotreating are aluminasupported Mo-and W-based sulfides with promoters of Ni or Co sulfides. Alumina is believed to be the best and most balanced support in terms of surface area (200-300 m 2 /g), pore size control, affinity to sulfide for high dispersion, mechanical strength, and cost. Molybdenum precursor (15-20 wt% as oxide) is first impregnated onto the alumina to achieve high dispersal and then the Co or Ni precursor (1-5 wt% as oxide) is impregnated onto the Mo phase. The impregnated catalyst is carefully calcined and sulfided for commercial application to ensure stable catalytic activity. The active species is believed to be the Co(Ni)MoS phase. Commercial catalysts also contain isolated Co (Ni)9S8 15), 16) and Co(Ni)/Al2O3, which are not active. The Co(Ni)MoS phase consists of small layered crystals of S and Co(Ni)/Mo 17) . The bottom of the Co(Ni)Mo layers, which contact the Al2O3 surface, is believed to be difficult to sulfide into the active form 18) , so multi-layered stacks of these layers are probably more active on alumina supports. In order to disperse Mo and Co(Ni) to form more active crystallites, impregnation procedures have been developed which use P2O5 and chelating agents for commercial catalyst preparation. The sulfiding medium and conditions have been extensively studied to achieve higher activity. Microscopic analyses have been used to understand the morphology of Co(Ni)MoS phase crystals on alumina. Transmission electron microscope (TEM) and scanning tunneling microscope (STM) have shown that the crystal size of this phase in commercial catalysts is very small 19) .
2. Chemistry of Hydrodesulfurization
The ease of sulfur removal from a petroleum stream depends greatly on the structure of the sulfur compound to be treated. The rates of sulfur removal can vary by several orders of magnitude. Generally, acyclic sulfur compounds such as thiols and disulfides are highly reactive and can be removed under very mild conditions. Saturated cyclic sulfur compounds and aromatic systems in which sulfur is present in six-membered rings are also highly reactive. However, compounds in which the sulfur atom is incorporated into a fivemembered aromatic ring structure (such as thiophene) are much less reactive and the reactivity decreases as the ring structure becomes increasingly condensed (e.g. one ring > two rings > three rings) 18) . For highly condensed ring structures (four or more rings), the trend reverses and reactivity tends to increase as the ring structure increases in size. The reason for such behavior is that there are several different chemical pathways through which sulfur can be removed from a molecule and the preferred pathway changes for different sulfur compound structures.
The reaction scheme shows two major pathways to desulfurized products. The first is called direct hydrodesulfurization, in which the sulfur atom is removed from the structure and replaced by hydrogen, without hydrogenation of any of the other carbon _ carbon double bonds. The second is called the hydrogenative route and assumes that at least one aromatic ring adjacent to the sulfur containing ring is hydrogenated before the sulfur atom is removed and replaced by hydrogen. In addition to hydrogenation of an aromatic ring before sulfur is removed, an aromatic ring may be hydrogenated after sulfur removal. This often leads to confusion in interpreting the results of experimental data as both routes can produce the cyclohexylbenzene final product. It should also be noted that the hydrogenation pathways are subject to thermodynamic equilibrium constraints. Thus, the partially hydrogenated intermediates (such as tetrahydrodibenzothiophenes) have lower equilibrium concentrations at higher temperatures. This results in a maximum in the observed rates of HDS via the hydrogenative route, as a function of temperature. Thus, hydrodesulfurization via the hydrogenative route is limited at low pressures and high temperatures. Another route includes the isomerization and transmethylation of methyl group at the 4-or 6-position, which reduces the steric hindrance. The direct pathway is believed to involve the insertion of a metal atom on the surface of the catalyst into a sulfur _ carbon bond in the sulfur-containing compound 1) . This insertion can occur even for fully aromatic sulfur compounds, such as thiophene, benzothiophene and dibenzothiophene. Such a pathway is possible because the resultant metal _ sulfur bond is energetically favorable. After the insertion, several other steps occur in which the sulfur is expelled as hydrogen sulfide and the catalyst is restored to its original state.
The hydrogenative pathway involves the initial hydrogenation of one or more of the carbon _ carbon double bonds adjacent to the sulfur atom in the aromatic system. Hydrogenation destabilizes the aromatic ring system, weakens the sulfur _ carbon bond and provides a less sterically hindered environment for the sulfur atom. Metal insertion is thus facilitated.
This discussion indicates that there are two active processes (functions) occurring on the HDS catalyst, Sextrusion and hydrogenation. active sites 18) . The active center is a coordinatively unsaturated metal site where the S ligand is labile. Sulfur in aromatic rings can coordinate to the active centers of both functions. Initial adsorption of the Scompound is believed to occur through π-bonding, in the case of direct S-extrusion. However, S-compound coordination is through π-bonding in the case of the hydrogenative route. Neighboring S _ H groups are believed to be involved in the hydrogen transfer for both S extraction and hydrogenation. Differences in the active sites for S extraction and ring hydrogenation are not yet clear, although they appear to be interconvertible. H2S, NH3, and nitrogen containing compounds can also coordinate to the active center, inhibiting the S-extraction and hydrogenation as discussed later.
The direct pathway becomes more difficult as the ring structure becomes larger because the aromatic structures become increasingly more stable, and because the insertion becomes more hindered for the more condensed rings. To illustrate these factors, Fig.  5 provides examples of the hydrodesulfurization reactivities of sulfur compounds with different ring structures 18) . For ease of discussion, all rate constants in this and following illustrations have been normalized relative to dibenzothiophene with a value of 100. Figure 5 shows that the overall hydrodesulfurization reactivity of the sulfur compounds decreases with increasing ring condensation from one ring to two rings to three rings, but then reverses for the four ring system. This is due to a switch in the preferred pathway from the direct route to the hydrogenative route. As mentioned above, increasing ring condensation is detrimental to the insertion step in the direct route, so with increasing ring condensation, hydrogenation becomes easier. The C _ S bond in thianthrene has a low bond energy, so the HDS reactivity is much higher than in the other sulfur species with an aromatic C _ S bond. Phenyl rings in benzonaphthothiophene are more easily hydrogenated than those in dibenzothiophene (DBT), so HDS is easier than that of DBT.
Another complicating factor in reactivity is the proximity of alkyl groups to the sulfur atom in aromatic ring structures. Generally, the reactivity decreases as the sulfur atom becomes more crowded by adjacent alkyl groups. This effect has been attributed to steric hindrance of the sulfur during adsorption on the catalyst surface or during some transition state. This steric hindrance affects the direct hydrodesulfurization route most severely. Figure 6 illustrates this factor for several alkyl-substituted benzothiophenes and dibenzothiophenes. Figure 6 18) shows that the reactivity for hydrodesulfurization decreases as the number of substituents around the sulfur atom increases. Alkyl groups that are not close to the sulfur atom have little effect. Recently, migration of alkyl groups before hydrodesulfurization was proved to enhance direct hydrodesulfurization over strong acid catalyst.
The hydrogenative routes are not significantly affected by alkyl substitution on the aromatic rings, whereas the direct route becomes less important if alkyl groups are adjacent to the sulfur atom. Thus, the relative rate changes shown in Fig. 6 are primarily due to less hydrodesulfurization via the direct route. For this reason, the preferred catalyst for hydrodesulfurization is often different for light and heavy feedstocks, as the numbers of alkyl groups and condensed aromatic rings in sulfur-containing compounds increases with boiling point.
Deep Hydrodesulfurization of Fuels
1. Deep Hydrodesulfurization of Gasoline
Current regulations on the acceptable sulfur levels in gasoline and diesel fuel are becoming increasingly stringent to protect the environment from the exhaust gases emitted by motor vehicles. Several different refinery streams are blended to produce commercial gasoline, including straight run gasoline, reformate, alkylate, crude FCC gasoline, residue FCC (RFCC) gasoline, and gasoline from HDS and hydrocracking of vacuum gas oil and residue. Reformate and alkylate are sulfur-free, but the other streams contain various levels of S-compounds. Currently, sulfur levels of such gasolines are separately controlled before blending. Recent regulations will require deeper hydrodesulfurization but HDS of FCC gasoline is rather difficult without hydrogenation of the olefin and aromatic components, which are major sources for high octane number, although the sulfur species in gasoline are reactive forms of thiols, thiophenes, and benzothiophenes, which are readily desulfurized. Selective HDS without olefin hydrogenation is being extensively explored at present. Such selective hydrodesulfurization requires clarification of the active sites of CoMo and NiMo sulfides supported on alumina for hydrodesulfurization and hydrogenation. CoMo is certainly more selective for hydrodesulfurization with limited hydrogenation activity than NiMo. Hence, cobalt is often applied for the present purpose. Coordinatively unsaturated valences of Co sulfide on MoS2 are often suggested as the active site for both reactions. The sites with unsaturated valences may be the hydrogenative site in cooperation with the Mo _ S _ H group, and the sites with the di-unsaturated valences may be the hydrodesulfurization site. H2S concentration in HDS can be reduced to enhance the hydrodesulfurization selectivity.
Several patents have been granted for methods to poison the hydrogenation site more than the hydrodesulfurization site of CoMoS/alumina. Amines, alkali metal ions, and carbon deposition have been proposed to increase the selectivity for hydrogenation, although hydrodesulfurization is also poisoned rather than CoMoS. The mechanism for selective poisoning is not clarified, but the alumina support appears to be the principal target. The acidic nature of the support may be responsible for the hydrogenation activity as found with the hydrogenative HDS of refractory sulfur species in diesel fuel. More types of catalyst supports should be selected for detailed examination.
Although the FCC feed can be extensively desulfurized to produce FCC gasoline with lower sulfur content, FCC gasoline with very low sulfur content requires deep hydrodesulfurization of the particular fraction which yields the gasoline fraction in the FCC process, since vacuum gas oil provides gas, gasoline, LCO, heavy cycle oil (HCO), decant oil, coke on the catalyst, and atmospheric residue. RFCC yields the same products except for cracked residue instead of decant oil. The sulfur-containing compounds in paraffins, mono-, di-, and triaromatic ring groups must be removed. The other fractions may not give gasoline although they may give H2S which affects the sulfur content of the gasoline in the FCC process, because opening of the aromatic ring hardly occurs in the FCC process.
Strong acidity of zeolite is sometimes postulated to cause desulfurization through hydrogen transfer, but the contribution must not be exaggerated. Thus, sulfur balances in the FCC process are carefully scrutinized to discover the origins of S-compounds in FCC products.
Recombination of H2S with olefins cannot be neglected at sulfur levels below 30 ppm in the FCC process. Thiols may also cyclize and dehydrogenate into thiophenes, which are major sulfur species in very low sulfur level gasolines. Fixation of sulfur can be designed to occur in coke as well as composite FCC catalyst and additives. Such sulfur is combusted into SO2 at the regeneration stage. The RFCC catalyst has an advanced and complex design as shown in Fig. 7 20) . The next generation FCC is waiting for a very advanced composite catalyst. The new matrix catalyst in Fig. 7 has high capability to trap Ni and V by introducing a new material, called CMT-40 by the catalyst manufacturer, into the matrix 20) . Although detailed information on CMT-40 has not been disclosed yet, it seems to be based on a zeolitic material. Such a new catalyst achieves a much longer life time than the conventional RFCC catalyst by maintaining the crystal structure of the catalyst with high trapping capability for Ni and V.
2. Deep Hydrodesulfurization of Diesel Fuel
Deep HDS of diesel fuel is currently an important topic. Basically, deep hydrodesulfurization of diesel involves the extensive elimination of refractory sulfur species such as 4-MDBT, 4,6-DMDBT, and 4,6,XTMDBTs. Such deep hydrodesulfurization is difficult because of the lower reactivities of these sulfur species and strong inhibition by coexisting species such as H2S, NH3, nitrogen species, and even aromatic species, especially if the sulfur level is to be lowered below 300 ppm. H2S and NH3 are produced from the reactive sulfur and nitrogen species contained in the same feed.
There are four approaches for improving reactivity.
(1) Introduction of more active sites by impregnating more active metals on the catalyst.
(2) Removal or reduction of inhibitors before or during HDS.
(3) Novel catalyst designs to introduce new mechanistic pathways that are less subject to inhibition.
(4) Two successive layers of catalysts to remove the reactive sulfur species and 80% of the refractory sulfur species in the first layer, and to reduce the remaining refractory sulfur species to less than 10 ppm in the presence of H2S and NH3 as well as the remaining inhibitors, such as nitrogen species and aromatic compounds, in the second layer.
Currently the first method is the major commercial approach. The second approach has been proposed as a two-stage HDS process. Figure 8 shows the efficiency of two-stage HDS, in which the H2S and NH3 produced in the first stage are eliminated before the second layer reaction 3) . Another type of two-stage HDS is to remove nitrogen species before HDS with silica _ gel, silica _ alumina or active carbon. The present authors have reported the high efficiency of active carbon for nitrogen species removal 21) 23) . The refractory sulfur species are also partly removed by the active carbon, which significantly helps deep hydrodesulfurization. Post removal of sulfur species after hydrodesulfurization can also lower the total sulfur content to below 10 ppm. However, the capacity for sulfur removal is rather limited, compared to the removal of nitrogen species. Hence the application of this approach is restricted to the preparation of ultra clean hydrodesulfurization for fuel cells. A detailed description of adsorptive desulfurization is given later.
The third approach using novel catalysts has high potential and is being investigated extensively. The use of acidic supports appears to enhance the activity by enhancing hydrogenation, methyl group migration, and lowering H2S inhibition, although coking and NH3 inhibition must be overcome. TiO2 and carbon are interesting supports for producing higher activity catalysts. High surface area TiO2 is now available and shows promise. Deeper sulfiding is one of the proposed reasons for the higher activity. Strong interaction between the active oxides and support is designed for better dispersion of active species, but may hinder adequate sulfiding. Reactive sulfide is recommended for sulfidation. Strong interactions between active sulfide and support must be explored.
Highly aromatic feeds such as LCO and MCO appear to require more severe conditions for deep HDS because aromatic species strongly inhibit refractory sulfur species 24) . Catalytic species having higher affinity for sulfur than for olefins and aromatic hydrocarbons are currently targets of extensive research for achieving deep HDS of aromatic diesel. The sulfur atom can act as an anchor to be ported to the soft acid site of the cat- alyst for the preferential hydrogenation of the neighboring aromatic ring.
3. Hydrotreating of Residue
Atmospheric and vacuum residues must be hydrotreated to reduce the sulfur, nitrogen, and metal contents in the preparation of clean fuel for power generation as well as distillates and feeds for successive catalytic processes. Vacuum gas oils are often separated from the atmospheric residue and separately hydrogenated to minimize the amount of vacuum residues that must be also treated in HDS. These treated products can be blended back with the vacuum residue to produce a cleaner atmospheric residue with less difficulty.
Alternatively, atmospheric and vacuum residues may be hydrotreated without separation. The major problems in the direct hydrotreatment of residues are associated with asphaltenes, the characteristics of which were described previously.
The polymeric components in the asphaltenes are dissociated through partial hydrogenation of the solvent maltene, HDM, HDS/HDN, and hydrocracking, which occur during the hydrotreating process. The chemistry of sulfur removal in the residue and the chemistry for light distillates are basically the same because both have similar structural units. However, the larger molecular units of the residue may cause HDS to proceed with more or less difficulty, depending on the preferred route for hydrodesulfurization. Major problems are lower solubility and difficulty in the molecular dissociation of the asphaltene micelles that are strongly adsorbed on the catalyst and result in coke formation. Catalyst deactivation progresses rather easily during residue hydrotreating.
During severe hydrotreating, the aromatic components of the maltene fraction of the residue, which act as good dispersants for the asphaltenes in the residue, may become partially hydrogenated for hydrocracking, and so lose the dispersive properties in the hydroprocessed products. Some of the asphaltene micelles may also remain unhydrogenated or may become dealkylated over acid catalysts, or may even be thermally dehydrogenated to form less soluble compounds than are present in the original feed asphaltene. Therefore, after the HDS treatment, dry sludge may be precipitated in the down-stream heat-exchanger and transfer lines. The HDS product may also form dry sludge in the storage vessels or even in fuel supply lines. Such dry sludge problems occur if hydrotreating is performed under very severe conditions in which a higher degree of HDS and cracking is expected. Deposited sludge is carbonized at lower temperatures than expected because of the very long residence time on the wall. Furthermore, sludge precipitation occurs with solid flocculates on the wall. Carbonization can be accelerated for such precipitation.
Precipitates are often found in heat exchangers as well as in the products of hydrotreating of the vacuum residue. This is particularly true if severe conditions are used to increase the yield of distillates. Although the precipitates from the different sources are all called dry sludge, the compositions are different. The precipitates within heat exchangers are generally insoluble in any solvent, and resemble coke. By contrast, the precipitates that form on standing in hydroprocessed products are usually soluble in toluene. Nevertheless, the origins are believed to be similar. The insoluble form appears to be carbonized sludge that forms at relatively low temperatures (150-200°C) over long periods of time. The toluene soluble sludge precipitates in storage tanks, transfer lines, and even in feed lines of the furnace at low temperatures. This toluene soluble dry sludge appears to be a high molecular weight hydrotreated asphaltene with limited solubility. Some of these materials are present in the starting asphaltene, but the others are produced during the hydrotreatment. Both have poor solubility. Hydrotreating often selectively cracks and hydrogenates the maltenes and low molecular weight asphaltenes in the residue, leaving the heavy asphaltenes unhydrogenated or even more condensed. Thus, the solvent properties of the maltenes are lost and the heavy asphaltenes precipitate.
Severe conditions emphasize the differences between maltenes and heavy asphaltenes, which in turn accelerate the precipitation of sludge. Thus, sludge formation is one of the phenomena which restricts the increase in distillate yield by reducing the quality of the heavy hydrotreated products.
Several counter measures have been proposed to reduce this sludge formation including;
(1) Catalyst design to convert the heavier fraction through cracking and hydrogenation.
(2) Solvent addition.
It is important to distinguish between sludge and coke, as they are chemically and physically different. However, sludge formation or phase separation must be recognized as a trigger for coke formation. For example, both strong adsorption of heavy fractions on the catalyst surface or separation of droplets of insoluble materials within the bulk of the residue lead to coke formation.
HDN, HDO and HDM Reaction
Removal of nitrogen, oxygen, and metal is also important to purify petroleum products. Such reactions progress concurrently together with HDS. Activated hydrogen can finally break the C _ X (X = S, N, O, metal) bonds over the same catalyst although the affinity to the active site, necessity for hydrogenation of the ring structure and C _ X bond reactivity are very different according to the mechanisms.
The order of ease is generally recognized as HDM, HDS, HDN and hydrodeoxidation (HDO), although the HDS and HDN of refractory sulfur and nitrogen species compete during deep removal. HDN of the last nonbasic carbazoles is completed before HDS reaches the 10 ppm level. Basic nitrogen species preferentially occupy the active site for denitrogenation before HDS in the competitive reaction. HDN of aromatic nitrogen species is generally believed to proceed through complete hydrogenation of aromatic rings because the aromatic C _ N < bond is too strong to be broken by hydrogenation cracking, as aliphatic C _ N < is required. Thus NiMoS and NiWS catalysts are often applied for HDN. Large hydrogen consumption is inevitable. Acidic support helps HDN over NiMoS by accelerating the hydrogenation, although the occurrence of coking is likely to increase deactivation. Hydrogenation and acidic reaction are completed on the same catalysts.
Recently the substitution of the C _ N < bond with H2S has been proposed to form C _ SH and NH3 product. The C _ SH bond is easily eliminated under hydrotreating conditions. 2-Methylcyclohexylamine is hydrodenitrogenated through three routes, direct elimination of ammonia, nucleophilic substitution of NH2 group by H2S then _ SH group decomposition, and direct hydrogenolysis of the C _ N bond 25) , 26) . The estimated contribution of each pathway is shown in Fig. 9 26) . Such contribution of nucleophilic substitution is dependent on H2S partial pressure. However, whether such a mechanism is effective in HDN of refractory nitrogen species, such as carbazole, was not clarified because H2S is a strong inhibitor for HDN of such inert nitrogen species. The HDN resistance of such species are all examined in terms of inhibition by H2S. The natures of the catalysts are also important since various catalyst properties are now available.
The applicability of aromatic C _ N <, especially derivatives from carbazoles, is not yet established. Such a mechanism is helpful to reduce hydrogen consumption. HDO is not an important reaction for petroleum products but is very important to stabilize the coal-derived liquid. HDO of dibenzofuran is very slow. Acidic support is helpful for HDO of dibenzofuran species.
HDM is the key for hydrotreatment of heavy oil in terms of deep treatment of asphaltenes and capacity of the catalyst to hold eliminated metal sulfides 14) . Liberation of asphaltene aggregation as well as mouth size and volume of the pour in the catalysts are important points for the design to enhance HDM of heavy feeds.
Inhibition of HDS
The active sites postulated for HDS catalyst promote sulfur extrusion, hydrogenation, and acid catalyzed reactions. Such active sites are all commonly or selectively subject to occupancy by inhibitors. As mentioned above, several species are inhibitors for HDS. Reactive sulfur species appear to be less inhibited than refractory species. This is because the S atom in the reactive species can easily undergo metal insertion to break the C _ S bond via the direct HDS route. The reactive species are also the major S-compounds present and can compete effectively with inhibitors for the active sites on catalysts. By contrast, in the direct HDS route, the sulfur atom in refractory sulfur species may be sterically hindered. The concentrations are also very low whereas H2S and NH3 inhibitors increase in concentration during the initial stage of the HDS process. These inhibitors are present in high concentration where the refractory species must be desulfurized. Some processes have been developed which remove H2S and NH3 between stages to minimize this problem as described above. Other feed impurities, such as N-compounds, are severe inhibitors for the hydrogenative HDS route. These strong π-bonding species hinder the interaction of the refractory S-compounds with the active catalytic site. The overall HDS process much easier if the N-compound inhibitors are removed prior to hydrotreating 27) . Aromatic species are also inhibitors for HDS of the refractory sulfur species as described above.
Deactivation and Regeneration of Hydrotreating Catalyst
Hydrotreating catalysts lose their activity in several ways.
(1) Sintering of the active phase into large crystal units.
(2) Degradation of the active phase, including degradation of sulfide forms.
(3) Covering of the active sites by reactants and/or products including coke.
(4) Deposition of inactive metal sulfides (such as V and Ni sulfides).
(5) Deposition of other impurities such as salt and silica.
The deactivation usually occurs in three steps; initial rapid deactivation, intermediate slow but steady deactivation, and rapid deactivation at the end of the cycle. Commercial processes are operated at constant conversion. This constant conversion is achieved by gradually heating the reactor to higher temperatures to compensate for the slow but steady catalyst deactivation.
The initial rapid deactivation phase is believed to be due to rapid coking on active sites with very high activity. The slow but steady deactivation is associated with metal deposition, sintering, and/or coking during the course of the process cycle. The higher reaction temperatures utilized at the end of the process cycle may cause the final rapid deactivation.
Currently, acidic supports are utilized to achieve high activity, hence coking deactivation is important in today's processes. Such deactivation schemes suggest that catalysts could be regenerated if suitable methods can be developed. Removal of strongly adsorbed heavier organic materials or coke precursor and coke could possibly be achieved by thermal extraction and/or combustion. However, the active sulfide form must be maintained during regeneration of the catalyst, or it must subsequently be regenerated.
Numerous methods have been proposed for recovering the expensive active metals from spent hydrotreating catalysts, including physical attrition of inactive metal sulfides from catalyst surfaces as well as selective dissolution schemes.
Process Flow of Hydrotreating
A typical hydrotreating flow diagram is shown in Fig. 10 of single stage hydrotreating. The feed oil is pumped up to the required pressure and mixed with make-up and recycled hydrogen-rich gas. The temperature is initially raised by heat exchange with the reactor effluent then further increased by a furnace to achieve the required temperature. The feed oil is hydroprocessed over the catalyst in the reactor under a flow of pressurized hydrogen-rich gas. The figure shows one reactor, but more reactors may be used even in single stage processes, depending upon the conditions or throughput rate.
In general, a fixed bed reactor is employed for the hydrotreating process. However, a series of catalysts with different functions are generally packed sequentially in the reactor(s), with one to several catalyst beds depending on the requirements. The feed oil and hydrogen-rich gas are normally supplied from the top of the reactor. Quenching hydrogen gas is commonly injected at several points along the reactor to control the reaction temperature because hydrotreating reactions are always exothermic. The reactor effluent is then cooled down in the heat exchanger. This recovers the exothermic heat of reaction and improves the thermal efficiency of the overall process. Following heat exchange, the gas and liquid products are separated by a sequence of a high-pressure vessel at high temperature, followed by a high-pressure vessel at low temperature. Liquid products are further fractionated into the required products in the fractionating column according to their boiling points. The gaseous products, and hydrogen, from the high-pressure vessel are fed to an absorbing column to remove hydrogen sulfide, and the cleaned hydrogen-rich gas is recycled to the reactor after repressurizing with a recycle compressor.
There are two types of processes, the single stage process and the two or multiple staged process. The single stage process has the same process flow as mentioned above. The feed is hydroprocessed consecutively without obvious separation between the reactors, as described above. However, a single stage process does not mean that only one reactor is employed, only that no separations are done until the final conversion is achieved.
In the two-stage process, the unwanted products of the first stage are separated and eliminated before the second stage. Thus, the unwanted secondary reactions of the product, poisons and inhibitors produced in the first stage, are eliminated before beginning the second stage of the conversion. This reduces the load on the second stage and enhances its reactivity. With staged processes, very high conversions, so-called deep refining, are easily achieved.
The present authors proposed a new type of reactor as shown in Fig. 11 , in which fractions of a gas oil were reacted separately in upper and lower parts of the catalyst bed 28) . Hydrogen was charged from the bottom of the reactor. H2S inhibition in the heavier fraction can be avoided. The optimum catalysts can be applied for the respective parts of the bed.
By lowering the end point of the starting diesel fuel, hydrotreating of the lower end point diesel fuel feed to 28) ultra low sulfur levels is much easier. For example, if the 90% distillation point (T90) of diesel fuel is lowered by 20°C, the required reactor size is only about half that needed for the full range feed. This diesel with lower T90 will produce less particulate matter in diesel exhaust gas. The downside of this approach is the requirement for increasing the cracking capacity of the refinery to produce the required volume of diesel fuel with this lower T90. One solution is to convert the VGO hydrotreater to the mild hydrocracking process.
The fluorescence color of finished diesel oil is a stringent requirement in some countries. Presently, hydrodesulfurization of faintly yellow diesel oil feedstocks produces colorless and transparent products at 500 ppm S. However, severe conditions for deep HDS result in fluorescent yellowish green diesel oil. High hydrogen pressures suppress the color formation whereas a high reaction temperature conversely retards hydrogenation and enhances color formation 29) .
Novel Design for Deep Hydrodesulfurization of
Gas Oil Figure 2 illustrates the sulfur distribution of current 500 ppm diesel fuel. Comparison of this sulfur distribution to that of SRGO revealed that 100% of reactive sulfur species and 80% of refractory sulfur species are removed to obtain 300 ppm by current HDS. The nitrogen species in 500 ppm diesel are also illustrated in the same figure, showing carbazole of 50 ppm.
A sulfur level of less than 15 ppm could be achieved by desulfurizing the remaining refractory sulfur species of 300 ppm in the current diesel fuel in the presence of inhibition products such as H2S and NH3 3) . Table 1 summarizes the activity of some catalysts under such conditions. NiMo on acidic supports achieved a sulfur level of less than 15 ppm. Acidic supports of adequate strength overcome the inhibitions by H2S and NH3. The sulfur level of 300 ppm can be achieved by a space velocity larger than 3 over CoMo catalysts with acidic supports. Hence, combined two catalysts in the layer can achieve deep hydrodesulfurization with a space velocity larger than 1. The catalysts of the two layers are not always the same. Optimum catalysts must be selected. The different roles of the catalysts in the first layer and second layer can be satisfied by selecting active species and supports. The activity for reactive and refractory sulfur species and the resistivity against inhibitors at the respective level of sulfur contents must be taken into account. Furthermore, denitrogenation in the first layer is also important since the remaining nitrogen strongly influences the hydrodesulfurization of the remaining refractory sulfur species of 300 ppm to less than 15 ppm.
Nitrogen compounds strongly inhibit HDS, in particular in the deep range. Such inhibition may be overcome by adopting a suitable HDN catalyst. However, it may be very difficult to find a super active catalyst with very high HDN activity toward alkylated carbazoles, which are regarded as having comparable or lower reactivity than refractory sulfur species. Hence, pre-removal of nitrogen species prior to HDS has been attempted and HDS reactivity of nitrogen-removed gas oil has been evaluated under the conventional conditions. We selected activated carbon materials as an adsorbent because of the very large surface area and easily controlled surface properties. Figure 12 shows nitrogen and sulfur breakthrough profiles over activated carbon 21) . Activated carbon removed nitrogen species and refractory sulfur species simultaneously. Adsorption capacity was estimated to be 0.098 g-sulfur and 0.039 g-nitrogen per 1 g of activated carbon at 30°C. The performance of activated carbon in the adsorptive removal of nitrogen and sulfur species from conventional gas oils was strongly dependent on the surface properties, such as surface area and the amount of surface oxygen groups 24) . Such findings indicate the possibility to develop an adsorbent which is optimized to treat a particular gas oil. Adsorptively treated gas oils showed much higher reactivity in conventional HDS than non-treated gas oils as indicated in Fig. 13 21) . Greatly enhanced reactivity comes from the absence of nitrogen inhibitors and diminished amount of refractory sulfur species.
Many refineries plan to build more HDS units to meet the future regulations on the hetero-atom content in diesel fuel. Certainly, slower processing in the HDS unit will produce clean diesel fuel with less sulfur content. However, the scheduled regulations require back-up systems to ensure the quality of final diesel product if serious problems occur in the HDS unit. Such back-up systems may mean an extra HDS unit or large volume tank, which can dilute the out-of-specification product with the in-specification diesel fuel. However, the investment in the extra processes must result in increased prices of diesel fuel. Hence, we proposed the post-treatment system which utilizes the activated carbon adsorption bed. Figure 14 shows the sulfur breakthrough profiles over the activated carbon bed 23) . The feed was conventionally hydrotreated gas oil (HSRGO). Activated carbon can remove the sulfur species to meet the future regulations. As described above, pre-treatment of gas oil to enhance its reactivity can be performed over an activated carbon bed. The adsorption bed used in the pre-treatment had adequate adsorption capacity for removal of sulfur species from the hydrotreated gas oil. This observation indicates the practical applicability of our adsorption system as a unit for daily operation and/or emergency back-up. Such a scheme is shown in Fig. 15 23) . Total sulfur contents were (A) 193 ppm, (B) 11 ppm, and (C) 8 ppm 21) . Reaction temperature and time: 340°C, 2 h. Oil/catalyst: 10 g/1 g. Catalyst: CoMo/SiO2 _ Al2O3 (commercially available). 
Recent Progress in HDS Catalysts
1. Progress in Support Material for More Active HDS Catalysts
The development of HDS catalysts has achieved significant progress. Some proposals have involved active species other than CoMo and NiMo, but the major focus to improve catalytic activity has been to identify more active support materials. Some oxide and carbon materials have shown superiority to alumina in the HDS reaction, but this could not be generalized due to the wide variation of reaction conditions and feed characteristics in HDS. The support affects the catalytic activity in HDS by modifying the active species and participating in the HDS reaction as a cocatalyst.
Acidic supports, such as zeolite, show superiority in the HDS reaction. Acidic zeolite facilitates transalkylation of alkylated DBT, resulting in enhanced HDS activity of such refractory sulfur species 30) .
Incorporation of MCM-41 into alumina provides higher activity of CoMo catalyst in DBT HDS 31) . MCM-41 reduces the interaction of Co and Mo with the support, resulting in enhanced formation of polymeric Mo octahedral species, which is regarded as the active form. Furthermore, MCM-41 modifies the distribution of Co to retard the formation of the inactive CoAl2O4 phase. Such results indicate the importance of the acidic nature of support in modifying the active sites.
We have also investigated zeolite-containing HDS catalysts to achieve deep HDS of SRGO 32), 33) . Because of the difficulty in loading active species on zeolite, NiMo catalysts supported on alumina-USY zeolite composite were examined in the HDS of SRGO (sulfur content 11,780 ppm) and HSRGO (sulfur content 340 ppm) to simulate the first and second layer reaction using an autoclave-type reactor. The alumina-zeolite composite supports were a simple composite (NMAZ) and a surface modified composite (NMACZ). NMAZ showed superior activity to NMACZ for the HDS of SRGO. In contrast, NMACZ left just 10.3 ppmS after HDS of HSRGO in the presence of H2S and NH3 whereas NMAZ left 15.5 ppmS after the same treatment as shown in Table 2 . The acidity of NMACZ was slightly lower than that of NMAZ. The lower surface area of NMACZ was believed to result in the lower activity in SRGO. However, the surface area did not affect the HDS in the second layer due to the very low concentration of sulfur species in that case.
As described above, zeolite-containing catalyst shows high activity toward refractory sulfur species due to its strong acidity. However, this advantage must be diluted by augmented cracking of feedstock, resulting in density decrease. Furthermore, strong acidity implies the fast coking and deactivation of catalyst. Hence, we had to find the optimum catalyst to obtain high HDS activity and low cracking activity. Figure 16 shows the carbon-specific chromatograms of feedstock and HDS products over NMAZ and NMACZ. NMACZ showed much lower cracking activity 32) . The effort to find the best catalyst, which can satisfy the complicated requirements demanded by the field engineer, must be continued.
TiO2 was evaluated as active support material for HDS. The main drawback, low surface area, may be overcome by variation of the manufacturing process conditions, resulting in a surface area as high as 120 m 2 /g 34) . The TiO2 support could carry a higher loading of Mo of 19 wt% MoO3 compared to the conventional TiO2 support and Mo species were well dispersed. Such a catalyst showed higher HDS activity 33) for DBT than the alumina supported catalyst. Al2O3 _ TiO2 composite support was also tested to provide higher surface area, showing higher activity than Al2O3 or TiO2 in HDS of 4,6-DMDBT, but the activity on the HDS of DBT was inferior to the alumina support 35) 37) . Such binary oxides carry more Brønsted acidic sites and, as a result, have rather high activity in hydrogenation, resulting in increased activity in 4,6-DMDBT HDS. TiO2 also provides less strong interaction between active species and support than Al2O3, resulting in a more easily reducible oxide phase of Mo and Co(Ni) due to the partial sulfidation of TiO2 38) . Carbon has been regarded as a promising catalyst support due to its very high surface area, peculiar pore structure, and surface functional groups 38) . HDS catalyst supported on carbon had higher activity than alumina supported one 39) 42) . Presumably, the weak interaction between sulfide precursor and carbon support provides more sulfidable species than alumina, resulting in more active sites for HDS.
2. Control of Shape and Size of Active Sites of HDS Catalyst
There are several proposals to describe the active site for HDS, such as the intercalation model, surface complex model, and rim-edge model 18) . Such models include the stacked layer structure of MoS2, which is believed to constitute the active site. The two types of active sites on MoS2 slabs may be the rim and edge 43) . The rim site is responsible for the hydrogenation and the edge site is responsible for both hydrogenation and direct hydrodesulfurization. Such images provide the design concepts of an active site with higher activity toward HDS, larger number of slabs, or stacking providing higher activity 44) . Furthermore, Mo species in direct contact with the support surface cannot be easily sulfided, showing lower activity. Such concepts are described as the Type I and Type II phases, highly dispersed monolayer MoS2 and lower dispersion and higher stacking MoS2, respectively 45),46) . Hence, the method to stack the MoS2 phase higher has been proposed. Among several types of anchoring sites on γ-Al2O3, the OH group bound to tetrahedrally coordinated aluminum cation has been proposed to result in strong interaction with the Mo precursor, resulting in less sulfidable Mo species 47) . In order to suppress the anchoring of Mo precursor on such inactive sites, Ti could be deposited on the alumina prior to impregnation of Mo to prevent the deposition of the Mo precursor onto the inactive site, which is blocked by Ti 47) . This observation may be related to the dependence of morphology of MoS2 on the support type and preparation conditions. Complexing agents, such as NTA (nitrilotriacetic acid), could be used to improve the dispersion of active species. Such complexing agents could prevent the direct interaction of active species with the support, resulting in inactive, stable compounds, such as CoAl2O4. Hence, the use of complexing agent provide higher stacking of MoS2 44),48) 52) . Another approach is to design the nanometer order microcrystal shape by micelle technology, which is a common methodology in "nanotechnology."
Atomic scale observation of the HDS catalyst could provide greater insight into the morphological characteristics. Examination of model Co _ Mo _ S structures on well defined substrates by STM revealed that Co changes the morphology of MoS2 from the triangular structure to the truncated hexagonal structure by preferred siting of Co at the sulfur edge site of MoS2 19), 53) . STM observation of the thiophene adsorbed model MoS2 suggested that the adsorption site is the metallic edge site of MoS2. TEM observation of HDS catalyst could be also used to evaluate the stacking degree and width of each stack, although the images lead to misinterpretation of the morphology of MoS2 47) . 9. 3. Catalytic Active Sites for Hydrodesulfurization and Hydrogenation Co(Ni)MoS supported on alumina shows catalytic activity for HDS, HDN and HDO, as well as hydrogenation. All catalysis processes simultaneously activate hydrogen to substitute the counterpart of the C _ S bond or saturate the C _ C double bond. However, some features of these catalysis processes are different, suggesting different active sites on Co(Ni)MoS/Al2O3. NiMoS is believed to be more active for hydrogenation than CoMoS 1),18) . A very low concentration of H2S appears to retard hydrodesulfurization but accelerates hydrogenation, although a high concentration prohibits both processes 54), 55) . Acidic support accelerates hydrogenation more than hydrodesulfurization, although the acidity strengthens the resistivity against H2S inhibition during hydrodesulfurization. Such results suggest that the active sites for these catalysts are Ni or Co, coordinatively unsaturated more for HDS than for hydrogenation. HDS requires two open valences to insert hydrogen into the C _ S bond. In contrast, π-coordination of the aromatic ring or unsaturated bond in the aromatic ring to the active site is followed by addition of hydrogen from S _ H on the sulfide for the first stage of hydrogenation. Strong adsorption of the partially hydrogenated aromatic ring allows the successive hydrogenation of other unsaturated bonds to complete aromatic hydrogenation. Acidic support modifies the electron density of the active metal to be more acidic, activating the S _ H or Ni _ H bond to transfer the proton for hydrogenation. Thus, the activation potential of metal sulfides for hydrogenation may reflect that of metals. Nickel is certainly more active for hydrogenation than cobalt.
Other metals including noble metals should be examined to assess the selectivity between hydrodesulfurization and hydrogenation, although the relationship of metal _ S and _ H bond strength and catalytic activity can be compared in a series of metals according to the Sabatier principle. Another important point not much discussed is the chemistry of π-coordination in the catalysis. The authors are particularly interested in the contribution of heteroatoms, especially sulfur, in the same or adjacent rings to the π-coordination. The catalytic sites must be also clarified in such π-coordination. It may be important to distinguish carbon and S in the aromatic ring for the selective hydrogenation of DBT in the presence of the major aromatic hydrocarbon component of LCO and HCO from FCC. The involvement of alkyl groups on the DBT ring is also important. It is necessary to distinguish the target species in the hydrodesulfurization of cracked gasoline.
Selective poisoning of hydrogenation catalyst has been patented to obtain selectivity for hydrodesulfurization. The poison is postulated to be adsorbed on the support to reduce the hydrogenation activity more than the hydrodesulfurization activity, in agreement with the conclusion that the acidic support accelerates the hydrogenation. Unfortunately, such selective poisoning is not very selective, also reducing the hydrodesulfurization activity. More details and better understanding of the active sites and influential factors in the mechanism of hydrodesulfurization and hydrogenation must still be explored. The authors believe that detailed description or images of the molecular structures of the catalyst, support, substrate, intermediate, and the reaction dynamics can be logically combined to build up catalysis frameworks.
4. Roles of Steric Hindrance in HDS
Deep hydrodesulfurization of gas oil is dependent on the deep hydrodesulfurization of refractory sulfur species, which persist at a significant level after the conventional hydrodesulfurization process. The refractory sulfur species have low reactivity and are inhibited by H2S, nitrogen compounds including NH3 and even aromatic compounds. The refractory sulfur species carry alkyl groups at the 4 and 6 positions on the DBT ring, and the involvement of the 1 and 9 positions has not been proved yet, whereas the 2, 3, 7, and 8 positions are recognized not to deactivate but accelerate hydrodesulfurization. The refractory sulfur species are desulfurized mainly through the hydrogenation of at least one phenyl ring prior to sulfur elimination.
Hydrodesulfurization of hydrogenated intermediates is very rapid under current hydrodesulfurization conditions. In contrast, the reactive sulfur species are mainly desulfurized through direct elimination of the sulfur atom without hydrogenation of a phenyl ring, even if the hydrogenated intermediate could be desulfurized more rapidly. Thus, hydrogenation of one phenyl ring in a refractory sulfur species is the rate-determining step. At temperatures higher than 360°C, direct hydrodesulfurization becomes dominant even with refractory sulfur species, because higher temperatures at constant hydrogen pressure restrict the hydrogenation very sharply, reducing the obstacles against direct elimination. Such results indicate the steric hindrance of the alkyl group at the 4 and 6 positions on the DBT ring. The question is at which step the steric hindrance governs the hydrodesulfurization. Sulfur species can be adsorbed onto a sulfide catalyst first through π-coordination of the DBT ring. The extent and position of coordination of the π-electrons of the S atom on the catalyst are not presently known. The π-coordinated species is transformed into π-coordination of the sulfur atom at the active site, probably Co or Ni with coordinative unsaturation, which leads to the insertion of the active metal between the aromatic C and S atoms. The C-active site and C _ S bonds are hydrogenatively fissioned, probably successively with two hydrogens from the catalyst surface for S extraction by the active site of the sulfide catalyst. The SH group on the active site is further hydrogenated and desorbed eventually as H2S. The steric hindrance can affect the π-coordination, insertion, and hydrogenative fission steps.
The π-coordinating step is often considered to be the important step. Strong inhibition against refractory sulfur species, especially at very low concentrations lower than 300 ppm, favors the steric hindrance at this stage since the inhibition is basically competition for active sites among the substrates including inhibitors. π-Coordination of the aromatic ring may be not probable. π-Coordination to an active site for π-coordination site or hydrogenation site may hinder the hydrodesulfurization. In the latter case, only the hydrogenation route is inhibited and no inhibition can be observed with direct elimination of the sulfur atom even if slow. Detailed kinetic analyses are needed. Heat of adsorption measurements suggests strong adsorption of refractory sulfur species. The measurement often suggests dominant π-coordination adsorption. Hence steric hindrance at π-coordination is not excluded by this result. Kinetic analyses to estimate the heat of adsorption of the real intermediate are necessary.
More details of π-coordination on the catalyst are essential in terms of its relation with hydrogenation of the aromatic species and which sites of sulfide catalyst involved. Selectivity among aromatic species of pure hydrocarbons, and nitrogen-, sulfur-, or oxygen-containing rings can be discussed by clarifying such points. Steric hindrance of alkyl groups on hydrogenation has been discussed at low temperature 16) . However, no evidence has been observed in HDS above 300°C.
The stage of insertion during hydrogenative bond fission can be also postulated as affected by steric hindrance. The alkyl groups of other locations may be involved in this stage. In this sense, the reactivities of 1,9-dialkyl DBT are key to discuss the hindrance at these stages. The same questions have been posed in the HDN of aromatic nitrogen species. So far, in depth discussion has not been attempted.
In conclusion, we believe that steric hindrance is predominantly important at the π-coordination stage. Details of π-coordination must be more involved in the chemical competition at the catalyst surface, even if the step may not be rate-determining as seen in similar petroleum refining reactions. 9. 5. Bridges between Homogeneous and Heterogeneous HDS Reactions Recently, a number of sulfur-containing coordinated complexes including the DBT ring have been synthesized and the hydrodesulfurization reactivity measured. Coordination chemistry for stability and three-dimensional structures at the molecular level as well as hydrogenative fission of C _ S, C _ Me and Me _ S bonds are important for heterogeneous hydrodesulfurization catalysis, although a catalytic process using coordination compounds is far from practical. More knowledge of the stability of the coordinated forms, influences of ligands, and substituting sources for bond fissions will help to understand heterogeneous catalysts and catalysis. The involvement of S _ H on the sulfide catalyst and O _ H on the support is implied by the homogeneous HDS schemes. Another factor is the coordination clusters of multi-nuclear molybdenum and tungsten which formed the model and designed precursors for the CoMoS or NiMoS phase. Nickel and cobalt can be arranged in designed positions in the cluster, in particular in highly dispersed and high stack units.
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